especially the short wavelengths of the solar electromagnetic spectrum ultraviolet radiation (UVR; 280-400 nm). Several studies have demonstrated the ability of zooplanktonic organisms to cope with damaging levels of solar UVR (Zagarese and Williamson, 2000) , using avoidance strategies (e.g. vertical migration in the water column), mechanisms of tolerance through accumulation of photoprotective compounds [e.g. carotenoids, melanin and/or UV-absorbing compounds like mycosporine-like amino acids (MAAs)] or repair of UVR-induced DNA damage (Siebeck et al., 1994) . Photobiological studies have been performed in the Bolivian side of Lake Titicaca (Villafañe et al., 1999; Helbling et al., 2001) with the objective of assessing the impact of solar UVR on local phytoplanktonic species. The presence of UV-absorbing compounds has been found not only in phytoplankton from Lake Titicaca (Villafañe et al., 1999; Helbling et al., 2001) , but also in zooplankton; in these latter organisms, however, the high concentration of UV-absorbing compounds was a result of bioaccumulation through the diet (Villafañe et al., 1999) .
Studies performed in Andean lakes of South America (Cabrera et al., 1997; Zagarese et al., 1997a Zagarese et al., ,b, 1998a Tartarotti et al., 1999 Tartarotti et al., , 2000 with different species of the copepod Boeckella have pointed out the versatility of this genus to live in a wide range of radiation environments, from relatively shallow and clear lakes, to deep and less transparent water bodies (Zagarese et al., 1997a) . This adaptability to different UVR environments seems to be possible via different processes, such as avoidance in the water column (e.g. B. gracilipes), photoprotection (e.g. B. brevicaudata), as well as photoreactivation mechanisms (e.g. B. gibbosa). In the case of B. titicacae, we had a unique opportunity to study and compare the response to solar UVR of organisms either exposed to natural radiation (i.e. from the lake) or under semi-natural conditions (i.e. in a large tank receiving ~10% of incident radiation over a year).
The aims of this paper were (a) to determine the effects of ambient levels of solar UVR on the copepod species B. titicacae (Harding) adapted to different radiation environments and (b) to establish the importance of UVabsorbing compounds present in this species as an effective mechanism to cope with natural UVR levels.
M E T H O D Sampling
This work was carried out during October 1999 at Lago Menor (16°S, 69°W, 3810 m a.s.l.), Lake Titicaca (Bolivia), in the region named Chua Basin (Figure 1) . Specimens of B. titicacae (mainly adults, and some juveniles in copepodite stages IV and V) were collected freshly every day either from the natural environment (i.e. lake) or from a large tank with running lake water (~200 m 3 , 2 m deep), which was covered for over a year with neutraldensity screen (receiving ~10% of incident solar radiation). Samples were collected using a plankton net (50 µm mesh size) either by horizontal towing (lake) or vertical hauls (tank), and immediately placed in 5 l clean (1 N HCl) buckets. After transportation to the laboratory, specimens of B. titicacae were concentrated in the surface of the bucket by placing a dim light on one side, then active (i.e. swimming) individuals were transferred by gentle siphoning into a 2 l Erlenmeyer flask. The concentration of B. titicacae in the Erlenmeyer flasks was 8-15 individuals ml -1 .
Experimentation
The experiments designed to determine the effects of solar UVR on B. titicacae were conducted with specimens collected from the lake and from the tank. The samples, containing a known concentration of copepods, were fractioned into 50 ml quartz tubes and exposed to solar UVR. Six radiation treatments were implemented, with four replicates (i.e. four tubes) in each treatment: samples receiving full solar radiation (i.e. uncovered quartz tubes), and samples receiving radiation >290, >305, >320, >360 and >400 nm by using sharp cut-off Schott filters (16 ϫ 16 cm). The samples were placed in a water bath with surface lake water running as temperature control (12-14°C) and exposed daily to solar radiation for 6-8 h centered around local noon. A total of four similar experiments were carried out with samples from the lake, and three with samples from the tank. In addition, a 3-daylong experiment was carried out with samples from the lake. In this 3 day experiment, six radiation treatments were implemented (as described above), with one sample (i.e. one tube) from each treatment taken every day for analysis. As in our incubation device we could fit four 50-ml quartz tubes under each Schott filter, we added one sample from the tank, which was removed at the end of the first day of exposure to solar radiation.
Determination of mortality
After incubation, the total number of individuals was determined for 5 ml of sample (five 1-ml aliquots). A Sedgwick-Rafter chamber was used for counting specimens; dead and live individuals were sorted out and counted using a Nikon V-12A dissecting microscope. The mean mortality and standard deviation for each radiation treatment (i.e. 5 ml samples from the four replicates) were then calculated for each experiment.
Absorption characteristics and determination of MAAs
The absorption characteristics of B. titicacae were determined in fresh samples at the beginning of the experiments as well as in the replicates for each radiation treatment. A total of 300-500 individuals were extracted in absolute methanol for at least 3 h at 4°C and centrifuged for 10 min at 1500 r.p.m. The absorption characteristics of the methanolic extract were determined using a UV-VIS Hitachi U-2000 spectrophotometer (5 cm path length quartz cuvette) in a scan from 250 to 750 nm. For each spectrum, a peak analysis was performed using appropriate software to determine the height of the peak in the UVR region (maximum at ~334 nm). Compounds present in this peak were identified by HPLC analysis, which was carried out at the University of Innsbruck (Austria), following the techniques described in Sommaruga and Garcia-Pichel (Sommaruga and Garcia-Pichel, 1999) and Laurion et al. (Laurion et al., 2000) . Briefly, 20 µl of the methanolic extract (90 and 20% dilutions) were injected in a Hypersil 5 µm pore size C 18 column. The mobile phase was 55% MeOH + 0.1% acetic acid; detection was by UV absorption spectroscopy using a UV-VIS diode array detector (Dionex Model UVD 170S/340S).
Determination of biological weighting functions (BWFs)
The BWFs for UVR-induced mortality of B. titicacae were obtained according to Rundel (Rundel, 1983) . Our data (see Results) indicated that mortality was a function of dose; thus, an exposure response based on the dose was used to derive the BWFs (Neale and Kieber, 2000) . The mean mortality of B. titicacae for each of the five wavelength intervals (i.e. <290, 290-305, 305-320, 320-360 and 360-400 nm) over the incubation period was expressed as a function of the dose, so that the BWF was determined in these broadband intervals. An exponential decay function (base 10) was used for each experiment; the exponent of the function was expressed as a fifth degree polynomial and fitted by iteration (the smallest R 2 obtained was 0.97). Four different and independent experiments were performed with specimens from the lake, and three for those of the tank; thus two mean BWFs for B. titicacae were obtained.
Radiation measurements
Incident solar radiation was monitored continuously using an ELDONET radiometer (Real Time Computers, Inc.), which has channels for UV-B (280-315 nm), UV-A (315-400 nm) and photosynthetically active radiation (PAR; 400-700 nm); this instrument was installed in a shade-free area close to the experimentation site. Data were obtained at a frequency of 1 min and recorded on a 486 computer. Detailed data on UV-B irradiance were obtained with a Brewer #110 spectrophotometer, which is permanently installed at Laboratorio de Física de la Atmósfera (Universidad Mayor de San Andrés) in La Paz (16.5°S, 68.1°W, 3420 m a.s.l.). Data from the Brewer instrument were also used to estimate total ozone column concentrations; UV-A and PAR doses were calculated using the STAR model (Ruggaber et al., 1994) .
R E S U LT S
Daily doses during October 1999 ranged between 13 and 45 kJ m -2 for UV-B (mean of 33 kJ m -2 ), and between 300 and 1050 kJ m -2 for UV-A (mean of 760 kJ m -2 ), with a day-to-day variability mainly due to cloud cover ( Figure 2 ). PAR also had great variability, with daily doses varying between 4 and 15 MJ m -2 (mean of 10.7 MJ m -2 ). During this period, ozone concentrations ranged from 264 to 280 Dobson Units (DU), with a mean monthly value of 270 DU ( Figure 2 ). The absorption characteristics of B. titicacae were different for specimens collected in the two radiation environments (especially in the UVR region), and although both had a peak at ~334 nm, its height was consistently and significantly higher (P < 0.05) in lake samples compared with those from the tank ( Figure 3A) , indicating a higher concentration of UV-absorbing compounds. In the visible part of the spectrum, however, the absorption characteristics of these two samples were rather similar, with a carotenoid peak at ~480 nm. HPLC analysis ( Figure 3B ) revealed the presence of the MAAs mycosporine-glycine, palythinol (plus possibly some palythine), shinorine and porphyra-334, the latter two compounds being dominant.
When specimens of B. titicacae were exposed to solar radiation during 6-8 h, the sensitivity to UVR was different in individuals collected from the lake and the tank (Figure 4 ). Higher mortality was determined in tubes exposed to shorter wavelength energies. However, the specimens with high MAA content (i.e. from the lake) had significantly lower mortality (P < 0.05) at all radiation treatments compared with those with low MAA content (i.e. from the tank). To determine the sensitivity of copepods adapted to these different UVR regimes, BWFs were calculated ( Figure 5A ). The shape of both functions was rather similar, with a steep decline in sensitivity in the UV-B region of the spectra; at higher wavelengths, however, sensitivity to UV-A was very low and declined at a much lower rate. The analysis of these BWFs indicated a lower UVR sensitivity in samples containing high amounts of MAAs. We compared these BWFs with those of Lake Titicaca phytoplankton (Helbling et al., 2001) and with a related copepod species, B. gracilipes, from Patagonian Andean lakes (Tartarotti et al., 2000) by normalizing them to one at 300 nm, and expressing the BWFs in terms of relative effectiveness ( Figure 5B ). In general, phytoplankton from Lake Titicaca were the most sensitive group; B. titicacae collected from the lake was less sensitive to UVR than B. gracilipes, whereas B. titicacae collected from the low-UVR irradiance environment was less sensitive than B. gracilipes only in the UV-B region of the spectrum.
Data from the 3 day experiment had a similar pattern to the short-term experiments, with higher mortality at shorter wavelengths ( Figure 6A ). At the end of the first day of exposure to solar radiation, samples with a high content of MAAs (white bars) had significantly lower mortality (P < 0.05) than those collected from the tank (broken line and square symbols). Mortality in lake samples increased after continuous exposure to solar radiation (i.e. days 2 and 3) for wavelengths <360 nm; at in kJ m -2 ) and PAR (400-700 nm; in MJ m -2 ). Data were obtained using the STAR model (Ruggaber et al., 1994) . The thick line indicates the experimentation period (9-20 October 1999). higher wavelengths, mortality was almost constant throughout the experiment. The mean copepod mortality in samples from Lake Titicaca after 3 days of exposure to UVR was 70%. Using these 3 day data as well as those from the daily short-term experiments with specimens collected from the lake, we obtained a survival curve as a function of the UVR dose ( Figure 6B) ; the best fit for the data was an exponential decay function (R 2 = 0.98).
There was a dose-response threshold for copepod survival, so that after specimens received a UVR dose of 300 kJ m -2 , survival decreased rather sharply. We also followed the photodynamics of the UVabsorbing compounds present in B. titicacae during the 3 day experiment (13-15 October) by analyzing the absorption characteristics in the UVR region of the spectra (Figure 7 titicacae from the tank and lake, and B. gracilipes from Patagonian Andean lakes), and photosynthetic inhibition of Lake Titicaca phytoplankton; data normalized to one at 300 nm. 1 From Tartarotti et al. (Tartarotti et al., 2000) ; 2 from Helbling et al. (Helbling et al., 2001) . for UV-B, UV-A and PAR, respectively. Over the 3 days of experimentation, no significant decrease in the optical density (OD) was observed for samples exposed to wavelengths >360 nm; at shorter wavelengths, however, a significant decrease was determined. In particular, there was a steep decline in OD 334 during days 2 and 3 of experimentation. The decline in concentration of UVabsorbing compounds was greater for samples exposed to shorter wavelengths, so that on day 3 the OD for samples exposed to full solar radiation was 35% lower than for those exposed to PAR only.
D I S C U S S I O N
Organisms of Lake Titicaca are exposed to high UVR levels ( Figure 2 ) resulting from a combination of atmospheric (i.e. low ozone column concentrations) and geographic (i.e. latitude and altitude) factors (Blumthaler and Rehwald, 1992; Madronich, 1993) . Although it is expected that aquatic organisms of tropical latitudes are adapted to their radiation environment by an evolutionary history to high UVR fluxes, various degrees of UVR sensitivity have been observed, with different physiological and biochemical processes being affected ( Jokiel, 1980; Shick et al., 1996; Kinzie et al., 1998; Villafañe et al., 1999; Helbling et al., 2001) . In zooplanktonic organisms, UVR-induced responses such as an increase in mortality rates (Kowenberg et al., 1999; Newman et al., 1999; Browman et al., 2000) , reduced rates of fecundity (Karanas et al., 1979) , damage to the genetic material (Malloy et al., 1997) and alterations in vertical diel migration (Aarseth and Schram, 1999) have been observed. It is thought, however, that adaptation to high radiation levels is possible by one or a combination of mechanisms, such as avoidance, protection and repair (Siebeck et al., 1994; Roy, 2000; Zagarese and Williamson, 2000) . The occurrence of one mechanism or another seems to be dependent (among other factors) on the radiation conditions to which organisms are normally exposed (the light history), as seen in species of the copepod genus Boeckella from different radiation environments of Patagonian Andean lakes (Zagarese et al., 1997a) . It has long been hypothesized that MAAs might protect organisms against damaging levels of UVR (Dunlap et al., 1986; Garcia-Pichel et al., 1993; Neale et al., 1994; Roy, 2000) . This photoprotective function has been inferred from the following observations: (a) increase in MAA concentration with increasing UVR exposure (Dunlap et al., 1986) ; (b) synthesis often induced as a response to increasing UVR exposure (Shick et al., 1991; Helbling et al., 1996; Riegger and Robinson, 1997) ; and (c) better performance (e.g. reduced inhibition of photosynthesis, reduced photodamage, better reproductive success, etc.) in those organisms possessing comparatively higher concentrations of MAAs than in individuals of the same species with lower cellular concentrations of MAAs (Neale et al., 1994; Adams and Shick, 1996) . The protective capacity of MAAs seems to be the result of their absorption in the UVR region, as well as acting as quenching agents of reactive oxygen species (Dunlap and Yamamoto, 1995; Dunlap and Shick, 1998 ) that were produced after exposure to UVR (Vincent and Neale, 2000) . MAAs absorb UVR energy between 310 and 360 nm (Karentz et al., 1991; Dunlap and Shick, 1998) and they are synthesized only by organisms having the shikimate pathway, i.e. bacteria, cyanobacteria, phytoplankton and some macroalgae Roy, 2000) . However, other studies have determined the presence of MAAs in metazoans, including marine and freshwater zooplankton (Karentz et al., 1991; McClintock and Karentz, 1997; Dunlap and Shick, 1998; Sommaruga and Garcia-Pichel, 1999) , as they can be bioaccumulated through the diet (Adams and Shick, 1996; Carroll and Shick, 1996) . Several studies have also demonstrated that organisms feeding upon algae with high concentrations of MAAs bioaccumulated more of these compounds compared with organisms feeding upon algae with a low MAA content (Carroll and Shick, 1996; McClintock and Karentz, 1997; Carefoot et al., 1998; Menchi and Helbling, 2000) .
Studies carried out in Lake Titicaca have determined a higher concentration of MAAs in zooplankton populations compared with phytoplankton, suggesting an effective bioaccumulation mechanism through the diet (Villafañe et al., 1999) , as also observed in other aquatic environments (Sommaruga and Garcia-Pichel, 1999) . Our data (figure not shown) also indicate that during the study period phytoplankton from the lake or tank had very low concentrations of MAAs. However, the cellular concentration of MAAs in B. titicacae from the lake was significantly higher than that in individuals living in the tank ( Figure 3A ). The differences in MAA concentration in the copepods seem to be related more to the radiation conditions to which they were exposed, as also seen in other studies (McClintock and Karentz, 1997) , rather than to different dietary conditions, as phytoplankton concentration (~1000 cells ml -1 ) and species composition were similar in both environments (the most representative species were the cyanobacteria Gomphosphaeria pusilla, Microcystis aeruginosa and Anabaena sp., the Chlorophyta Sphaerocystis schroeteri, Oocystis crassa and Chlorhormidium subtile, and the diatoms Fragilaria and Tabellaria). Moreover, our 3 day experiment carried out with specimens collected from the lake showed a wavelength dependence for a decrease in concentration of UV-absorbing compounds (i.e. MAAs), with wavelengths <360 nm affecting their cellular concentration more ( Figure 7 ). This radiation response suggests a protective role of MAAs against high radiation levels in zooplankton species from Lake Titicaca. Mortality data also support this idea, as after 1 day of exposure to solar radiation specimens collected from the tank had significantly higher mortality than those from the lake with high MAA content (Figures 4 and 6 ), particularly at wavelengths <360 nm. Individuals collected from the tank also had relatively high mortality at wavelengths >360 nm, probably reflecting their acclimation to low radiation levels for over a year (Figures 4 and 6) . These high mortality rates in samples containing low concentration of MAAs, compared with specimens with a high content of these UV-absorbing compounds, have also been observed in other crustaceans, such as amphipods and isopods collected in marine sites of Patagonia (Menchi and Helbling, 2000) . Our results reflect the worst-case scenario for responses of B. titicacae to UVR, as in the experiments specimens were exposed to surface solar radiation (i.e. maximum radiation conditions). Boeckella titicacae, however, can migrate vertically down to 10-12 m depth at noon (personal observation), in a water column with relatively low attenuation (K d = 0.2-0.6 m -1 ) (Villafañe et al., 1999) , thus still receiving relatively high UVR doses. We observed high abundances of B. titicacae near the surface in the morning (until ~10:30 a.m.) and in the afternoon hours (after 4 p.m.); so, based on these considerations, the daily UVR dose received by these organisms (i.e.~280 kJ m -2 ) would be 30-40% of that at the surface (mean of 793 kJ m -2 ) (Figure 2 ). We lack information on how much time B. titicacae spend at each depth, so this dose has been calculated as if organisms were moving in a continuous excursion (i.e. same time at each depth); however, it is possible that they just go down and spend more time at a specific depth, thus the dose might be lower. Our calculations show that this mean underwater UVR daily dose is similar to the threshold value at which mortality of B. titicacae starts ( Figure 6B) ; thus, mortality in the water column would be relatively small. However, considering the importance of previous light history as well as the dynamics of UV-absorbing compounds, it is possible that, after a prolonged period of cloudiness, sensitivity might change and thus this dose threshold would vary (i.e. would be reduced), causing higher mortality in the water column.
A study of the BWFs (based on mortality) calculated for high-and low-MAA specimens shows a significantly higher sensitivity to UVR of individuals collected from the tank ( Figure 5A ). A comparison ( Figure 5B ) with related species characteristic of higher latitudes, i.e. B. gracilipes (Tartarotti et al., 2000) , also reflects the higher resistance of B. titicacae collected from lake waters. However, when comparing with tank specimens, B. gracilipes seems to be more sensitive only in the UV-B region of the spectrum ( Figure 5B ); at higher wavelengths, both species have a similar response. Other calculations also highlight the resistance to UVR of B. titicacae compared with other species. For example, when comparing the LD 50 (i.e. the dose at which 50% of individuals would die) of B. titicacae from lake waters ( Figure 6B ) with those reported by Zagarese et al. (Zagarese et al., 1997a) for B. gracilipes, B. brevicaudata and B. gibbosa (from Patagonian Andean lakes), it is seen that the LD 50 (UV-B) for these high-MAA specimens was ~56 kJ m -2 , which was much higher than the reported 32 kJ m -2 for B. brevicaudata, 8.4 kJ m -2 for B. gibbosa and 1.1 kJ m -2 for B. gracilipes. However, we are aware that the experiments performed by Zagarese et al. (Zagarese et al., 1997a) were carried out with artificial radiation sources, hence differences could be somehow smaller.
Although the higher resistance of B. titicacae to UVR levels compared with related Patagonian species was expected, we were interested in investigating the possible mechanisms that allowed this species to survive in such extreme radiation conditions as found in Lake Titicaca waters. The comparison between specimens with a high versus a low content of MAAs denotes the importance of such compounds as one of the possible causes of UVR resistance. The protective role of MAAs has been inferred by determining UVR effects upon certain physiological and metabolic mechanisms in species with high/low cellular contents of MAAs (Villafañe et al., 1995; Helbling et al., 1996; Neale et al., 1998) . In this study we initially followed this approach, establishing lower mortality in those individuals containing comparatively higher amounts of MAAs (Figures 3 and 4) . In the case of lake specimens, we further investigated the fate of these compounds after exposure to solar UVR ( Figure 7) .
As there was a decrease in MAA concentration as a function of the dose (Figure 7) , with a concomitant increase in copepod mortality ( Figure 6A ), we wanted to determine whether this decrease left the organisms with less protection (hence the observed increase in mortality), or whether there was a lower MAA concentration because the specimens died from UVR stress and these compounds leaked into the water, as observed in a study with a culture of a red tide dinoflagellate (Vernet and Whitehead, 1996) . Since MAAs are soluble in water Dunlap and Shick, 1998) , we tested this latter possibility by running a spectrum with the water where the specimens were incubated, but found no indication of these UV-absorbing compounds. The other possibility, a decrease in MAA concentration after exposure to solar UVR, also seemed to be plausible. In this case, and although we did not follow the photodynamics of individual MAAs or any by-products, we speculate that part of the decrease in MAAs could be due to the reduction in concentration of mycosporine-glycine, a MAA that has been hypothesized to act as an antioxidant (Dunlap and Yamamoto, 1995) . On the other hand, it has been shown that porphyra-334 has high photostability (Conde et al., 2000) , and one would expect that shinorine and palythinol would have a similar stability as their chemical structures are very similar (Roy, 2000) . However, the decrease in OD 334 (Figure 7) suggests that the concentrations of these latter compounds were also decreasing when exposed to the high radiation levels. Other compounds, such as carotenoids or melanin, are also known to provide protection against high UVR levels ( Zagarese and Williamson, 2000) . In our study, however, we did not find any evidence of the protective role of carotenoids, as the decrease in the OD 480 (not shown) was not as significant as that at 334 nm (Figure 7) . Thus, our study clearly shows the protective role of MAAs in reducing mortality rates in zooplanktonic species of Lake Titicaca. However, other mechanisms may also account, in part, for the observed responses to high solar UVR levels. Future UVR studies with zooplanktonic species of Lake Titicaca should address the presence of repair mechanisms in the DNA molecule, as well as biochemical aspects, such as the presence of reactive oxygen species and antioxidant capacity of specific metabolites. 
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